The stability of protein-based pharmaceuticals (e.g., insulin) is important for their production, storage, and delivery. To gain an understanding ofinsulin's aggregation mechanism in aqueous solutions, the effects of agitation rate, interfacial interactions, and insulin concentration on the overall aggregation rate were examined. Ultraviolet absorption spectroscopy, high-performance liquid chromatography, and quasielastic light scattering analyses were used to monitor the aggregation reaction and identify intermediate species. The reaction proceeded in two stages; insulin stability was enhanced at higher concentration. Mathematical modeling of proposed kinetic schemes was employed to identify possible reaction pathways and to explain greater stability at higher insulin concentration.
pathways and to explain greater stability at higher insulin concentration.
The stability of protein-based pharmaceuticals is essential for the efficacy of conventional therapeutic preparations (1), continuous infusion pumps, and controlled release polymeric devices. Insulin aggregation, accompanied by drastic reduction of biological potency and obstruction of delivery routes, creates serious problems for drug delivery systems (2) (3) (4) . Although insulin aggregation has been investigated (5-16), its molecular mechanism remains speculative.
This study aims at elucidating the fundamental nature of this phenomenon using a rigorous kinetic analysis. Based on experimental observations, a reaction mechanism was formulated and possible destabilizing pathways were identified. Mathematical modeling was used to verify the predictive powers of the proposed scheme.
MATERIALS AND METHODS Solution Preparation. Bovine Zn-insulin (specific activity, 24 .4 international units/mg; Zn2+ content, <0.5%) was used.
Phosphate-buffered saline (PBS) (0.14 M NaCI/0.1% NaN3 preservative, pH 7.4) was sterilized by filtration through a 0.45-,um Millipore HV filter and degassed by sonication. Stock solutions were prepared by adding Zn-insulin to PBS; the resulting cloudy mixture was sealed with Parafflm, placed in a shaker, and gently agitated for 3 hr at 37°C. Zn-insulin dissolved completely at concentrations up to 0.6 mg/ml. The stock solutions were filtered through sterile 0.22-,m Millex GV low-protein binding filters; lower concentrations were obtained by dilution with PBS prior to final filtration. All glassware was rinsed with 0.01 M HCl, followed by drying at 100°C. The initial concentrations of Zn-insulin solutions were determined by UV absorbance at 280 nm (e = 5.53 mM-'cm-1).
Concentration-Dependence Studies. Air-water interface. Glass 1.1-ml HPLC vials were filled with 0.75 ml of insulin solution, capped, sealed with Parafilm, taped horizontally to the shaker platform, and agitated at 250 rpm and 370C. Every 20 min, one vial was removed and the extent of aggregation was determined by size-exclusion isochratic HPLC analysis [Bio-Rad's SEC-125 column; mobile phase consisting of 10% acetonitrile and 90% aqueous solution containing 0.02 M NaH2PO4 and 0.05 M Na2SO4 (pH 6.8), flow rate of 1.2 ml/min, detection at 280 and 217 nm]. Insulin concentration was determined by peak area integration.
Teflon-water interface. Five Teflon spheres (Polysciences, 0.64 cm in diameter) were placed in each 12 x 75 mm glass tube to provide a hydrophobic surface. Insulin solution was added to each tube so that there was no headspace left (and thus the only hydrophobic interactions would occur on the Teflon surface), and the samples were sealed with Parafilm, taped horizontally to the shaker platform, and agitated at 80 rpm and 370C. Every 30 min, one tube was removed from the shaker and its contents were filtered through sterile 0.8-,um Millex-PF filters to remove the fully aggregated, micron-size Zn-insulin particles. The concentration of Zn-insulin remaining in solution and the size distribution of insulin species were determined via UV absorbance and quasielastic light scattering (QELS).
QELS analysis used a Lexel argon-ion laser, with a Brookhaven apparatus consisting of a goniometer and a 128-channel digital correlator and signal processor, which incorporated a computer. Measurements were made at 488 nm, at a 900 scattering angle. The latter was particularly useful for observing Rayleigh scatterers (i.e., particles much smaller than the wavelength A). Nonaggregated insulin molecules behaved as Rayleigh scatterers, since the hexamer's 5-nm diameter was much smaller than A. The presence of peaks at diameters >50 nm was verified at 1350, where scattering contributed by dust and rotational diffusion was minimized (17) . For each sample, light-scattering measurements were accumulated during 5-min intervals to reduce random signal noise and ensure a stable baseline. The experimentally determined autocorrelation function g(t) was used to obtain the size-distribution function G(F) using inverse Laplace transform algorithms nonnegatively constrained least squares and CONTIN (of Provencher) (17, 18 trations were determined using absorbance at 280 nm (e = 6.0 mM-1-cm-1 for Zn-insulin in 8 M urea).
Computer Simulations. Mathematical modeling of putative reaction pathways was accomplished by simultaneous solution of a set of differential equations describing insulin interactions with the Teflon-water surface and proteinprotein interactions in solution. The dynamics of insulin aggregation were simulated using the STELLA II software package. A fourth-order Runge-Kutta method was used for integration (19) .
RESULTS
Our experimental system was designed to achieve rapid and reproducible aggregation under controlled conditions. Elevated temperature, mechanical stresses, and presence of a hydrophobic surface mimicked the destabilizing conditions present in many drug delivery systems. We investigated the effects of insulin concentration, agitation rates, and hydrophobic interactions on the kinetics of insulin aggregation.
Once the reaction began, insulin solutions became increasingly cloudy, and micron-sized agglomerates settled when agitation stopped. Only one peak-for native, monomeric insulin-was observed by HPLC analysis throughout the experiment, suggesting that insulin's self-association was disrupted by dilution and column-packing interactions.
Concentration Dependence of Insulin Aggregation. Kinetic studies in which the initial insulin concentrations were varied in the presence of air-water ( Fig. LA) and Teflon-water interfaces (Fig. 1B) showed similar behavior. Initially, there was a flat period of stability, followed by a sloping portion, indicating insulin depletion due to aggregation. This characteristic shape was observed at all concentrations, in the presence of either air or Teflon.
Control of the air-water interface was difficult due to bubble formation and foaming; consequently, the air-water interface was replaced with a Teflon-water interface to facilitate characterization and modeling of surface interactions. Like air, Teflon is inert and hydrophobic; thus proteinsurface interactions at the Teflon-water interface resembled those at the air-water interface present in shaken vials (and in diabetes injection therapy systems). In a portable pump, air can be eliminated, but insulin solutions are still in contact with solid hydrophobic surfaces. In our system, the Teflon spheres mimicked these destabilizing interactions (at solidliquid and liquid-gas interfaces) and provided the necessary agitation.
The comparison of insulin half-lives in solution revealed greater stability at higher concentration. Similar results were reported previously (12, 20) , but no explanation was proposed for this anomalous behavior. In general, aggregation processes are kinetically controlled, with rates of aggregation proportional to protein concentration (21, 22) .
Interfacial and Agitation Dependence of Insulin Aggregation. Insulin aggregation occurred only when agitation and hydrophobic surfaces were present. Stationary samples (at 370C) containing air-water or Teflon-water interfaces and samples agitated in the absence of hydrophobic surfaces (37TC, no headspace, Teflon spheres replaced by borosilicate glass beads) exhibited no aggregation after 2 weeks. Adsorption studies indicated that only a minute amount of protein was lost to the solid surface: typically, the precipitate contained 95.5% of the original insulin, 4.4% adsorbed to the 10 Teflon spheres (12. 67 cm2), and 0.1% adsorbed to the glass culture tubes (28.3 cm2 per tube).
The effects of hydrophobic interface on insulin aggregation showed that when the number of Teflon spheres was doubled, the induction period was shorter and the slope (or rate of aggregation) was steeper (Fig. 1C) . Similar results were obtained when the agitation rate was doubled (Fig. 1D ). These observations highlighted the importance of insulin interactions with the hydrophobic interface and the role of mass transfer and/or mechanical stresses in aggregation.
QELS Analysis. QELS [a noninvasive technique (23, 24) ] was used to monitor the changes in particle size distribution during insulin aggregation (Fig. 2) . Since QELS has low resolution (17) , the uncertainty about the intermediate species' shape made it impossible to determine their diameter with >10% accuracy; thus only estimates of insulin species' weight distribution were obtained. Initially, only native insulin molecules were present, as reflected by the peak at 5 nm ( Fig. 2A) . Due to the small size of the insulin monomer and the small differences in the hydrodynamic diameters of monomers, dimers, and hexamers, it was difficult to distin- guish among these species. Following 1 hr of agitation in the presence of Teflon, a second peak appeared (Fig. 2C) 
MODEL FORMULATION AND DISCUSSION
It has been suggested that insulin is destabilized by adsorption at hydrophobic interfaces (air-water or water-pump materials) (15, 26) and that the initial step is nucleation-i.e., formation of small intermediate aggregates that serve as precursors to large precipitates (26) . These elements alone, however, fail to describe insulin aggregation behavior: a successful kinetic scheme must predict the biphasic nature of the time course and greater insulin stability at higher concentration [which previously has been attributed only to the concentration-dependent self-association equilibrium (15, 26) ].
In solution, insulin monomer is in equilibrium with more stable dimers and hexamers (27) . The hexamer's conformational stability (28-30) makes it an unlikely candidate for denaturation at hydrophobic surfaces. Dimer unfolding at the Teflon-water interface also can be discounted: one of the monomer's two hydrophobic regions is involved in dimer formation (31), thereby stabilizing its tertiary structure. Thus, of the three insulin species, the monomer is the most likely to denature at a hydrophobic interface. Note that when insulin's self-association was eliminated (Zn-free insulin in 0.1 M Tris/60% ethanol, pH 7), aggregation rates increased with increasing concentration (25) , implying that the monomer initiated precipitate formation. Insulin denaturation at hydrophobic interfaces (14, 32) and adsorption to Teflon and other surfaces have been reported (33) .
Based on observed insulin aggregation kinetics, formation of a stable intermediate species, and importance of interfacial interactions, we propose the following mechanism ( Fig. 3) : dimers and hexamers reversibly adsorbed to the Teflon surface without undergoing denaturation; however, less stable monomeric species partially unfolded upon adsorption. The unfolded species either snapped back to their native conformation (most likely event) or combined with other unfolded species, initiating nucleation (the formation of intermediate aggregates of 170 nm in diameter). The smaller intermediates (U2, U3, etc.) were short-lived transients: they continuously combined and fell apart and interacted only with other unfolded species. Once a critical size was reached, the intermediates had enough surface area for stability and started reacting with native molecules. The slow formation of the 170-nm stable intermediates explained the lag time: no significant aggregation was observed until a population of nucleating species was established.
Increased stability at higher concentration (when a larger proportion of insulin was oligomeric) was due to occupation ofthe Teflon surface by dimers and hexamers, which reduced the surface available to unfold the monomer. As insulin concentration increased, so did the monomer concentration. In the absence of dimer and hexamer adsorption onto Teflon, higher insulin concentrations would result in more rapid aggregation, as denaturation rate depended on concentrations of monomers and interfacial sites (Table 1) . To reduce the driving force at higher concentration, the number of destabilizing sites (leading to denaturation and subsequent nuclei formation) had to be reduced. One way to accomplish this, given a fixed surface area, was for the more stable species to occupy interfacial sites without undergoing conformational changes.
Most kinetic and thermodynamic parameters were taken from the literature: Kdimer = 1.1 X 105 M-1 (27), Khcxamer = 2.89 X 108 M-2 (27), Kadsorption = 1.20 x 10' M1 (33) , and Kdenaturation = 1.20 x 105 M-1 (34) . Rate constants of nuclei formation (ku-association and ku-dissociation) and of the subsequent aggregation (kawgrgation) were fitted to the concentration profile at 0.6 mg/ml, 80 rpm, 37°C, with five Teflon spheres. These parameters, which remained unchanged during the subsequent computer simulations, had to be internally consistent: kuassiation had to be at least an order of magnitude greater than kawgg.tion, so that prior to reaching the stable critical size unfolded monomers would be much more likely to interact with each other than with native species. QELS suggested that the critical size necessary for stability of the intermediate species is on the order of 100 molecules [based on insulin monomer's diameter of =2 nm (31) ]. To shorten the computation time, the number of association steps needed to reach the critical size was limited to 10. This simplification did not change the curve shape but meant that the fitted parameters were not the actual rate constants. Since the absolute values of these parameters could not be determined independently, this modified reaction mechanism led to qualitative predictions about trends in insulin aggregation behavior.
The unfolding and refolding at the hydrophobic interface were assumed to be a pseudo-equilibrium process, since intramolecular changes occur on a much shorter time scale than bimolecular interactions (35) . The concentration of denatured monomers was based on the equilibrium constant Kdenaturation for insulin unfolding and refolding in the absence of destabilizing interactions (34) . To simulate the effects of agitation (mass transport to the interface) and the presence of a hydrophobic surface, Kdenaturation at 80 rpm was arbitrarily increased by an order of magnitude. When the agitation rate was doubled, Kdenaturation was also doubled, in proportion to the increase in the mass transfer coefficient and in shear denaturation rate.
Insulin concentration at the Teflon-water interface was determined from insulin adsorption isotherms (33 Proc. Natl. Acad Sci. USA 88 (1991) 6 0 centration profiles are presented in Fig. 1. Fig. 1B illustrates the effects of concentration on insulin aggregation. During the computer simulations, all kinetic and thermodynamic parameters and the Teflon surface area were kept constant: the only parameter that changed was the number of insulin molecules present in the beginning of each experiment. Simulations of varying the Teflon-water interface predicted the induction period decrease, the steeper slope when the Teflon surface was doubled (Fig. 1C) , and the increased aggregation rates with more vigorous agitation (Fig. iD) . Sensitivity analysis was performed on the model's kinetic and thermodynamic parameters. None of the perturbations changed the kinetic profiles' shape-i.e., the initial period of stability, followed by a slightly sigmoidal curve (Fig. 4) . However, the induction period duration, the slope steepness, and relative durations of the two phases of the aggregation reaction did change.
Since the fitted parameters ku-association and kagggion differed only by an order of magnitude, it was impossible to significantly change one without compromising the internal consistency ofthe proposed mechanism. However, as long as these constants remained within the specified order of magnitude range, it was possible to test model sensitivity to such variations. Changes in ku-association affected induction period duration and curve slope. These effects would have been much less pronounced if the size of the intermediate had been on the order of '100 molecules.
The contribution of dimer and hexamer formation to overall insulin stability was examined by varying equilibrium constants for self-association. Results indicated that the extent of dimerization directly affected insulin stability, since this was the main route for decreasing monomer concentration. The model assumption that dimers and hexamers experienced no conformational changes upon interfacial interactions implied that hexamerization played a minor role in increasing solution stability. At higher concentration-where the hexamer becomes the dominant species-one would expect a greater stabilizing effect arising from hexamer formation.
Finally, the agitation-dependence studies and sensitivity analysis pointed to the importance of Kdenaturation, which contained information about mass transport to the solidliquid interface, shear effects, and destabilizing surface interactions. Although variations in Kdenaturation did not change the concentration profiles' shape, they affected induction period duration and steepness of the aggregation curve slope.
The sensitivity analysis provided additional insights into the nature of the aggregation processes, because it allowed a separate evaluation of contributions of different pathways to the instability pattern. This analysis identified the pathways most sensitive to perturbations and hence could be used to propose ways to mitigate destabilizing interactions.
In closing, the experimental observations led to a minimal model (a kinetic scheme containing the fewest number of steps required to adequately describe system dynamics), which was used to simulate insulin aggregation. This model could be expanded to take into account additional destabilizing pathways, and, with further study, it may be used to predict effects of stabilizing agents on the aggregation behavior, to choose stability-enhancing conditions, and to design additives aimed specifically at blocking unfavorable interactions. 
